Objective-Myocardial injury during cardiac surgery is a major cause of perioperative morbidity and mortality. We determined whether perioperative statin therapy is cardioprotective in patients undergoing noncoronary artery cardiac surgery and the potential mechanisms. Methods and Results-One hundred fifty-one patients undergoing noncoronary artery cardiac surgery were randomly assigned to either a statin group (n=77) or a control group (n=74). Simvastatin (20 mg) was administered preoperatively and postoperatively. Plasma were analyzed for troponin T, isoenzyme of creatine kinase, C-reaction protein, interleukin-6, interleukin-8, creatinine, and blood urea nitrogen. Cardiac echocardiography was performed. Endothelial nitric oxide synthase (eNOS), Akt, p38, heat shock protein 90, caveolin-1, and nitric oxide (NO) in the heart were detected. Simvastatin significantly reduced plasma troponin T, isoenzyme of creatine kinase, C-reaction protein, blood urea nitrogen , creatinine, interleukin-6, interleukin-8, and the requirement of inotropic postoperatively. Simvastatin increased NO production, the expression of eNOS and phosphorylation at serine1177, phosphorylation of Akt, expression of heat shock protein 90, heat shock protein 90 association with eNOS and decreased eNOS phosphorylation at threonine 495, phosphorylation of p38, and expression of caveolin-1. Simvastatin also improved cardiac function postoperatively.
D espite the advances in cardiopulmonary bypass (CPB) technology and myocardial protection techniques, morbidity and mortality remain high in patients with poor preoperative cardiac function, long surgical times, complicated surgical procedures, or incomplete correction of the anatomic malformation. Myocardial injury during cardiac surgery is the primary contributor to these high mortality and morbidity rates. It is, therefore, necessary to search for approaches to reduce myocardial injury during cardiac surgery.
Statins are well known for their ability to decrease hyperlipidemia and are used in the prevention and treatment of coronary artery disease. 1, 2 In addition to lowering hyperlipidemia, statins also exert other pleiotropic effects, such as improving endothelial dysfunction, increasing nitric oxide (NO) bioavailability, enhancing antioxidant effects and strengthening anti-inflammatory properties. 3 These properties of statins suggest that these drugs have the potential ability to attenuate myocardial injury in patients undergoing cardiac surgery with CPB.
Some retrospective studies have shown that perioperative statin therapy reduced myocardial injury, morbidity, and mortality in patients undergoing both coronary artery bypass grafting and valvular heart surgery. 4, 5 Statin decreased mortality in patients undergoing cardiac surgery even in the face of normal cholesterol levels, suggesting that the cardiac protective effect of statins may be independent of their ability to reduce lipid levels. 6 In contrast, another large retrospective study reported that preoperative statin use was not associated with a reduction of in-hospital mortality or major morbidity after cardiac surgery. 7 Some small, prospective, randomized studies demonstrated that statins reduced myocardial injury; however, all of those studies were performed in patients undergoing coronary artery bypass grafting. 8 Because patients with coronary artery disease may also benefit from statin's ability to lower hyperlipidemia, it is difficult to confirm that statins really reduce myocardial injury in patients undergoing cardiac surgery with CPB. In addition, although several reports showed that statins decreased the systemic inflammatory response during CPB, 9 Florens et al 10 reported that acute preoperative statin therapy failed to limit the inflammatory response to CPB in a small randomized trial. Those results prompted the study's authors to indicate that whether statins protect myocardium during cardiac surgery with CPB remains unclear. The purpose of this single-blinded, randomized, controlled trial was to determine whether statins had cardioprotective effects in patients undergoing cardiac surgery with CPB independent of their ability to reduce lipid levels.
Patients and Methods

Patients, Randomization, and Masking
Patients referred for elective noncoronary artery cardiac surgery between September 2010 and June 2011 were recruited. Patients with coronary artery disease, contraindications to statins treatment, and women who were gestating or lactating were excluded. Patients <10 years of age were also excluded because it is unknown whether statins are safe for these young patients. Patients with noncyanotic congenital heart disease without pulmonary hypertension were also excluded because these patients can be safely treated with current CPB and myocardial protective techniques. One hundred fifty-one patients were eligible and were randomly assigned to either the statin group (n=77) or control group (n=74) by a random number produced by a computer. Simvastatin (20 mg) was administered every day for the 5 to 7 days preoperatively, but not on the day of surgery in the statin group. Then simvastatin was readministered on the second day postoperatively. The control group was administered all of the same routine medications as the statin group, such as digoxin, furosemide, but without statin therapy. The patients, surgeons, anesthetists, perfusionists, ultrasound physicians, the individuals collecting the samples, and people performing data analysis were all blinded. This randomized controlled trial was approved by The First Affiliated Hospital, Sun Yat-sen University Ethics Review Board. Informed consent was obtained from all patients enrolled in this trial and the procedures followed were in accordance with institutional guidelines. The trial profile has been summarized in Figure 1 .
Blood Analysis
All patients included in the study underwent routine preoperative examinations. Additionally, plasma troponin-T (TnT) and the isoenzyme of creatine kinase (CKMB) levels were measured preoperatively and at 6, 12, 24, and 72 hours postoperatively via electrochemiluminescence technology (Roche Diagnostics GmbH, Mannheim, Germany). C-reaction protein (CRP), blood urea nitrogen (BUN), and serum creatinine were measured preoperatively and at 24, 48, 72 hours and 7 days postoperatively via turbidimetry technology (Orion Diagnostica, Espoo, Finland), speed enzyme coupling method (Biosino Biotechnology and Science Inc, Beijing, China) and enzymatic method (Sekisui Medical Co Ltd, Tokyo, Japan), respectively. Serum interleukin (IL)-6 and IL-8 were assayed preoperatively and 6 hours postoperatively by commercially available enzyme-linked immunosorbent assay kits (Multisciences, Shanghai, China) and (eBioscience, San Diego, CA), respectively, according to the manufacturer's instructions.
Surgical Procedures
Operative and anesthetic techniques were standardized in both groups. All surgical procedures were performed by the same group of surgeons. The anesthesia was similar for both groups. Intraoperative myocardial protection techniques were standardized in both groups, using the same cardioplegic solution (hyperkalemic blood cardioplegia). Heart biopsies were taken in the right atrial appendage before cross-clamping the aorta, at 10 minutes after removal of the crossclamp when finishing the major surgical procedures in the heart. At the end of surgery, patients were transferred to the intensive care unit where a standardized protocol was followed. Patients were then transferred to a ward until discharged from the hospital.
Cardiac Function Measurement
Cardiac echocardiography was performed in patients preoperatively and again 7 days and 1 month postoperatively.
Nitric Oxide Measurement
Frozen right atrial appendages from −80°C were pulverized and homogenized for NO measurement. NO was determined spectrophotometrically by measuring total nitrate plus nitrite (NO 3 − + NO 2 − ) with a NO detection kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions using Griess reagent at an absorbance of 550 nm, as previously described. 11 Results were expressed as μmol/g protein.
Western Analysis
Western analysis and protein association in the heart (right atrial appendage) were performed using standard protocol, as previously described. 11 Anti-eNOS and anti-heat shock protein 90 (Hsp90) 151 underwent randomization 77 received statin 74 received control 68 analyzed 64 analyzed 9 were excluded from analysis 4 did not complete the study 2 liver dysfunction after surgery 2 TVP without CBP 1 post MVP developed fungal endocarditisthen redo MVR 10 were excluded from analysis 6 did not complete the study 3 liver dysfunction after surgery 1 post MVP developed SAM phenomenon then redo MVR Figure 1 . Trial profile. One hundred fifty-one patients were randomly assigned to either the control or statin group. In total, 132 patients completed the trial. TVP indicates tricuspid valvuloplasty; MVP, mitral valvuloplasty; MVR, mitral valve replacement; CBP, cardiopulmonary bypass; SAM, systolic anterior motion.
were from Santa Cruz Biotechnology(Santa Cruz, CA). Anti-Ser1177-phospho-eNOS (P-eNOS S1177), anti-Thr495-phospho-eNOS (T495), anti-AKT, anti-Thr308-phopho-AKT (P-Akt), and Anti-P38, and phosphorylation of P38 and anti-caveolin-1 were from Cell Signaling Technology(Danvers, MA). Anti-GAPDH was from Proteintech Group (Chicago, IL). eNOS was immunoprecipitated with H-32 antibody (Enzo Life Sciences, Farmingdale, NY) or with anti-eNOS (BD Biosciences, San Jose, CA). Proteins were visualized using a Western blotting luminol reagent (Santa Cruz Biotechnology).
Statistical Methods
Data were presented as means, SD, and IQR. Comparisons between treatment groups were made with the unpaired Student t test or repeated measures ANOVA where appropriate. Categorical data were expressed as frequency and percentage and compared with the Fisher exact test where appropriate. The total area under the curve was calculated using the trapezoidal method for each patient and compared using the t test. Estimations were presented with 95% CIs. A value of P<0.05 was regarded as significant. All statistical analyses was performed using SPSS for windows, version 17.0 (Chicago, IL) and MedCalc (version 11.0.0.0, Frank Schoonjans, Mariakerke, Belgium). See the online-only Data Supplement for additional details in the Methods section.
Results
General Preoperative Comparison
One hundred fifty-one patients were randomly assigned to either the statin group (n=77) or control group (n=74). In total, 132 patients (68 in the statin group and 64 in the control group) completed the study. Baseline characteristics have been summarized in Table 1 .
Operative Characteristics and Postoperative Outcomes
There were no significant differences in the operative characteristics between the 2 groups (Table 1 ). Preoperative atrial fibrillation was identified in 15 patients in the statin group and 13 patients in the control group. There were no differences in cholesterol levels between the 2 groups before administration of simvastatin. There was a tendency for reduction of total cholesterol and low-density lipoprotein levels in 1 week postoperatively. Dyslipidemia (high levels of total cholesterol, low-density lipoprotein, or triglyceride) was diagnosed in 8 patients in the statin group and 7 patients in the control group. Diabetes mellitus was diagnosed in 4 patients in the statin group and 2 patients in the control group. Erythrocyte sedimentation rate, lactate dehydrogenase, and the lipid profiles were the same in both the groups. No statistically significant differences in terms of type and number of surgical procedures were found between the statin and control groups ( Table 2) . Postoperative development of atrial fibrillation occurred in 1 patient in the control group. One case of preoperative atrial fibrillation disappeared postsurgically in the statin group.
Plasma TnT
Preoperatively, plasma TnT concentrations were <0.01 μg/L in both the groups and increased postoperatively-patients administered perioperative simvastatin therapy released less TnT than the patients who did not receive perioperative statins. Specifically, the mean TnT level was 0.88 μg/L (SD, 0.56; IQR, 0.49-1.12) versus 1.35 μg/L (SD, 1.56; IQR, 0.56-1.48) (P=0.020) at 6 hours, 0.81 μg/L (SD, 0.55; IQR, 0.40-1.12) versus 1.22 μg/L (SD, 1.47; IQR, 0.53-1.32) (P=0.037) at 12 hours, 0.59 μg/L (SD, 0.44; IQR, 0.29-0.76) versus 0.91 μg/L (SD, 1.08; IQR, 0.38-0.99) (P=0.031) at 24 hours, and 0.36 μg/L (SD, 0.29; IQR, 0.15-0.42) versus 0.61 μg/L (SD, 0.74; IQR, 0.29-0.69) (P=0.013) at 72 hours in the statin and control groups, respectively ( Figure 2A ). The total TnT released 72 hours postoperatively was reduced by 36.7%, from 60.33 μg/L (SD, 71.12) in the control group to 38. 16 as those described above were obtained, indicating that statins reduced myocardial injury during CPB independent of their ability to reduce lipid levels (data not shown).
Plasma CKMB
Preoperative plasma CKMB concentrations were not significantly different between the 2 groups (P>0.05). Postoperatively, a significant reduction in plasma CKMB concentrations was identified in patients treated with simvastatin compared with the control group ( Figure 2B) 
Plasma CRP
There were no significant differences in preoperative plasma concentrations of CRP between both the groups. In contrast, less amounts of CRP release were observed in the statin group in comparison with the control group postoperatively ( Figure 2C) . After excluding the patients with dyslipidemia, the same significant differences were obtained (data not shown).
Blood Urea Nitrogen, Serum Creatinine, Plasma IL-6, and IL-8
There were no significant differences between the control group and the statin group preoperatively in BUN. BUN was dramatically increased postoperatively both in the control group and the statin group (* ,# P<0.05). However, statin reduced BUN concentration in the statin group compared with the control group at 24, 48, and 72 hours postoperatively (P<0.05; Figure 3A ). There was no significant difference between the control group and the statin group preoperatively in serum creatinine. However, creatinine was dramatically increased postoperatively in the control group but not in the statin group (*P<0.05). Statin reduced creatinine release compared with the control group at 24, 48, and 72 hours postoperatively (P<0.05). Interestingly, creatinine at 7 days postoperatively is even lower than that of preoperation in the statin group ( # P<0.05; Figure  3B ). The increase of plasma IL-6 and IL-8 postoperatively was dramatically less in the statin group compared with the control group ( Figure 3C and 3D ).
NO Generation
There was a tendency for reduction in the control group and a tendency of enhancement in the statin group in concentration of NO 2 − +NO 3 − postoperatively. Furthermore, the concentration of NO 2 − +NO 3 − generation was significantly higher in the statin group than that of the control group both preoperation and postoperation ( Figure 3E ). Additional experiment showed similar result after using NG-methyl-L-arginine monoacetate to block NO 2 − release from fresh heart tissues ( Figure I in the online-only Data Supplement).
Inotropic Requirement and Left Ventricular Ejection Fraction
There was a significantly greater inotropic requirement in the control group compared with the statin group at both 6 hours (5.5±3.2 μg/kg per minute versus 4.1±2.6 μg/kg per minute, P=0.008) and 12 hours (4.9±3.2 μg/kg per minute versus 3.5±2.5 μg/kg per minute, P=0.005) postoperatively. There was no significant difference in left ventricular ejection fraction between the control group and the statin group preoperatively (Table 1) . Ejection fraction was higher in the statin group (60.4±11.0%) than in the control group (56.8±9.3 %) at 7 days postoperation (P=0.029) and 69.5±6.4% in the statin group than 65.3±7.3% in the control group in 1 month postoperation (P=0.002).
Akt-eNOS, p38 MAPK, Caveolin-1, Hsp90 Expression, and the Association eNOS With Hsp90
Both eNOS expression and phosphorylation at serine 1177 in the heart were dramatically increased in the statin group preoperatively and postoperatively. eNOS phosphorylation at serine 1177 was increased even more after than before surgery. eNOS phosphorylation at threonine 495 was increased postoperatively in the control group and decreased both preoperatively and postoperatively in the statin group ( Figure 4A ). Akt phosphorylation was decreased postoperatively in the control group and increased both preoperatively and postoperatively in the statin group ( Figure 4B ). Statin inhibited p38 mitogen-activated protein kinase (MAPK) phosphorylation postoperatively ( Figure 4C ). There was no difference in caveolin-1 expression before and after surgery in the control group and between the control group and the statin group preoperatively. Caveolin-1 expression was decreased postoperatively in the statin group ( Figure 4D ). There was no difference in Hsp90 expression before and after surgery in the control group and between the control and the statin group preoperatively. However, Hsp90 expression was significantly increased postoperatively in the statin group ( Figure 4D) . The Hsp90 association with eNOS was reduced postoperatively in the control group. There was no difference in Hsp90 association with eNOS before and after surgery in the statin group and between the control group and the statin group preoperatively. The Hsp90 association with eNOS was higher in the statin group than the control group postoperatively ( Figure 4E ).
Discussion
This is the first single-blinded, randomized controlled trial exploring the effects of perioperative statin therapy in patients undergoing noncoronary artery cardiac surgery with CPB. In light of the fact that the patients, surgeons, anesthetist, perfusionist, ultrasound physicians, and individuals collecting and analyzing the blood samples and analyzing the data were also all blinded, this randomized controlled study closely approached a double-blind randomized trial in design. Previous studies indicate that elevations in TnT and CKMB after cardiac surgery are associated with poor short-and long-term clinical outcomes. 12 The present study found that perioperative simvastatin therapy significantly decreases plasma TnT, CKMB, CRP, IL-6, IL-8, BUN, creatinine, the requirement of inotropic and improves left ventricular ejection fraction, suggesting that perioperative simvastatin therapy can reduce myocardial injury and inflammatory response and improve cardiac and renal function in noncoronary artery cardiac surgery with CPB.
Beneficial effects of statin pretreatment have already been demonstrated in various studies in patients undergoing both coronary artery surgery and cardiac percutaneous interventions. 8 However, although these studies indicate that statins reduce myocardial injury during the intervention of coronary artery disease, it is not possible to conclude from those reports whether the reduction in myocardial injury was associated with the decrease in lipid level because statins are designed to treat coronary artery disease. In other words, can statins protect against myocardial injury during CPB? Indeed, 1 large, retrospective study showed that statins had nothing to do with myocardial protection during cardiac surgery. To clarify this controversy, 15 dyslipidemia patients were excluded from the analysis in the current study and similar results were attained. Therefore, although simvastatin decreased cholesterol level, our findings can demonstrate that the myocardial protective effect of statins during cardiac surgery maybe independent of their ability to reduce lipid levels as the patients' cholesterol levels are normal before administration of simvastatin.
The mechanism by which statins reduce myocardial injury remains unclear. It is known that excessive systemic inflammatory responses unleashed by CPB leads to myocardial injury. Some studies showed that statins decreased the systemic inflammatory response, which, in turn, may contribute to a decrease in myocardial injury. 9, 13 However, Florens et al 10 reported that acute preoperative statin therapy failed to limit the inflammatory response to CPB in a small randomized trial; this study only used a single dose statin. In the present study, we found that perioperative simvastatin therapy reduced concentration of IL-6, IL-8, and CRP, demonstrating that statins can inhibit systemic inflammatory response to reduce myocardial injury. 14, 15 It is well known that the p38 MAPK pathway participate in the inflammatory response. 16, 17 Our data showed that simvastatin decreased p38 MAPK phosphorylation, suggesting that one of the mechanisms by which statins reduces myocardial injury is by limiting the inflammatory response by attenuating the p38 MAPK pathway in noncoronary artery cardiac surgery with CPB.
Previous studies showed that statins can improve endothelial dysfunction by protecting tissues from the damage that results from ischemia and reperfusion during cardiac surgery. 18 Statin is able to increase vascular endothelial NO production (by modulating NOS expression) and diminish myocardial necrosis after ischemia and reperfusion in mice, contributing to cardioprotective effects. [19] [20] [21] In the current study, our data showed that eNOS phosphorylation at T495 site was increased and Hsp90 association with eNOS was decreased postoperatively in control, suggesting that not only is the eNOS activation inhibited, but eNOS is also uncoupled during cardiac surgery with CPB. 11, 22, 23 As a result, eNOS may generate superoxide instead of NO, which leads to endothelial dysfunction and myocardial injury. Importantly, simvastatin increased eNOS expression and phosphorylation at serine 1177 site, decreased eNOS phosphorylation at T495 site preoperatively and postoperatively, demonstrating that statin is able to activate eNOS. Meanwhile, we found that Hsp90 association with eNOS was restored by simvastatin postoperatively, suggesting eNOS was maintained in coupling status to maintain NO generation during cardiac surgery. 23, 24 We further found that Hsp90 expression was increased and caveolin-1 expression was decreased by simvastatin. As Hsp90 is the chaperone of eNOS and positively regulates eNOS and caveolin-1 negatively regulates eNOS, our findings further support the idea of statin's ability in activating eNOS and maintaining eNOS uncoupled activity to generate NO instead of superoxide. 11, 24, 25 Although NO decreased during surgery in the control group, it did not reach statistical significance and there was a tendency for the reduction of NO production postoperatively (P=0.08). More importantly, simvastatin was able to stimulate NO generation compared with control group. Recent findings from Antoniades et al 26 showing that perioperative statin therapy reduced myocardial superoxide generation in cardiac surgery also support our findings. Taken together, our findings demonstrated that statin can stimulate the heart to generate NO and decrease superoxide generation to limit oxidative stress in the heart and avoid injury before and during cardiac surgery. Such findings can explain why statins reduce myocardial injury and improve cardiac and renal function during cardiac surgery.
It is known that Akt phosphorylation is the key step of eNOS activation. 27, 28 We found that Akt phosphorylation in heart was decreased postoperatively and was increased by simvastatin preoperatively and postoperatively. These data demonstrate that statin can activate Akt-eNOS signaling pathway before and after cardiac surgery.
As simvastatin can improve endothelial function, it is possible that perioperative simvastatin therapy also improves the systemic vascular endothelial function. Our data showing less inotropic requirement postoperatively in the statin group indicate that simvastatin can not only reduce myocardial injury but may improve systemic vascular function.
In summary, our study shows that perioperative simvastatin therapy significantly reduced myocardial injury and inflammatory response and improved cardiac and renal function in patients undergoing noncoronary artery cardiac surgery with CPB by activating Akt-eNOS and attenuating p38 MAPK signaling pathway. Such cardiac protection of simvastatin is independent of its ability to reduce lipid levels. Our findings may provide a novel approach to reduce myocardial injury during cardiac surgery with CPB. 
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